A novel composite material was prepared from prawn shell derived chitosan (CHT) and locally available kaolinite-rich modified Bijoypur clay (MC) using a facile technique in which dilute acetic acid was used as a solvent for dissolving chitosan and composite fabrication whereas distilled water was used for preparing the clay dispersion. Bijoypur clay mainly consists of kaolinite clay mineral and it was modified with the dodecyl amine to make it organophilic. Morphology and properties of the composites (different weight ratio of MC and CHT) have been studied and compared with those of pure CHT and MC. Purification and modification of Bijoypur clay were investigated by X-ray diffraction (XRD), X-ray fluorescence (XRF), and Fourier transformed infrared spectroscopy (FTIR) analyses. The fabrication of CHT-MC composites was confirmed by FTIR analysis. Thermogravimetric analysis (TGA) and differential scanning colorimetry (DSC) were used to investigate the thermal stability of the composites. It was observed that dispersed clay improves the thermal stability and enhances the hardness of the matrix systematically with the increase of clay loading. In this study, a better insolubility in both acidic and alkaline media of the composites is also observed compared to pure chitosan.
Introduction
For the past few years, composite materials based on polymer and clay have enticed considerable interest due to its several distinct properties and variegated applications. This is because they can assemble both the physical and chemical properties of inorganic and organic materials. The major portion of the work with polymer/clay composites is based on synthetic polymers compared to natural polymers. The class of synthetic polymers mainly includes thermoplastics, such as nylon, polyethylene, polypropylene, poly(ethylene terephthalate), and thermosets such as epoxy polymers. However, the opportunity to combine natural polymers (biopolymers), such as chitosan, appears as an attractive way to modify some of the properties of this polysaccharide including its solubility and swelling properties, mechanical and thermal behavior, antimicrobial activity, and bioadhesion, when combined with nanometric scale clay [1, 2] .
Chitin is a naturally abundant polysaccharide which is the supporting material of crustaceans, insects, and so forth and is well known to consist of 2-acetamido-2-deoxy--Dglucose through a (1→4) linkage [3, 4] . Chitosan (CHT), a deacetylated derivative of chitin, has numerous applications in different fields including photography [5] , metal capture from waste water (Hg 2+ , Cr 3+ ) [6] [7] [8] , and acid dye sorption [9] . The low cost of CHT compared with commercial activated carbon as well as its possible biodegradability made it suitable for removal of heavy metals from industrial effluent [10] . In CHT molecule, the amino sites are the main reactive groups for metals ions, although hydroxyl groups (especially in the C 3 position) may contribute to the sorption process [11] . One of the limitations of CHT is that it is soluble in 2 International Journal of Polymer Science dilute aqueous acidic solution (pH < 6.5), which can convert glucosamine units into soluble form (R-NH 3 + ) [12] and it also gets precipitated in alkaline solution [13] . Another limitation of CHT as an adsorbent is lower thermal stability. At 500 ∘ C, the weight retention of pure chitosan was found to be 48.5% [14] . If these properties can be improved by using other materials, then it will be an excellent candidate for various applications like wastewater treatment, packaging purpose, and so on.
Polymer/clay composites are one of the potential candidates as an adsorbent for environmental wastewater treatment due to their structure as well as physical and chemical properties of inorganic and organic materials [2] . However, chitosan/clay composites are interesting because of the easy preparation techniques and inexpensive raw materials and chemical reagents. The most available clay minerals in nature are montmorillonite (MMT), kaolinite (kaolin), and illite. Kaolinite is the major mineral component of kaolin, which usually contains quartz and mica. It also contains small percentages of feldspar, illite, montmorillonite, ilmenite, anastase, haematite, bauxite, zircon, rutile, kyanite, sillimanite, graphite, attapulgite, and halloysite [15, 16] . Bijoypur clay (187 km from Dhaka city, located in Netrokona District of Mymensingh Division) is one of the best quality clay types available in Bangladesh. The major phases present in Bijoypur clay are kaolinite, halloysite, and quartz. Although Bijoypur clay has a high content of SiO 2 (70.08%), it has a substantial amount of Al 2 O 3 (27.24%) and fairly low impurity content such as Fe 2 O 3 (1.03%) and TiO 2 (1.65%) [17] . In many cases, clay materials have been shown to have higher adsorption capacity than that of activated carbon under the same condition because of its high specific surface area, high cation exchange capacity, and positive or negative surface charge against pH [14] . Considering these unique properties and cost effectiveness locally available kaolinite clay (Bijoypur clay) could be an ideal candidate for composite preparation with CHT. Although chitosan (CHT)/kaolinite clay composites are very attractive, they were not extensively investigated for removal of heavy metals from industrial wastes and there are a relatively small number of scientific publications. Montmorillonite-chitosan bionanocomposites were also found as a potential adsorbent for herbicide clopyralid in aqueous solution and soil/water suspensions and bezactiv Orange V-3R dye [18, 19] . A nanocomposite based on chitosan and montmorillonite was developed as a carrier to improve oral bioavailability of oxytetracycline [20] . Removal of Ni(II) and Cd(II) by adsorption on epichlorohydrin crosslinked chitosan-montmorillonite clay composite beads was observed by Tirtom et al. [21] .
The present work describes the fabrication of composite from CHT and locally available Bijoypur clay by a facile technique. Bijoypur clay was found locally and modified with dodecyl amine after acid treatment. The low cost and congenital availability (naturally available) of prawn shell and Bijoypur clay have made this process very convenient in Bangladesh. They have been collected from inside of this country with a minimum price or sometimes for free. Moreover, the least number of chemicals and facilities was needed from CHT extraction to composite fabrication which is also of very low cost. Considering these antecedents, the aim of the present study is to prepare high-performance composites by using chitosan and modified kaolinite clay in various combinations. In the future, the composite will be tested for applying in the variegated field of science starting from waste water treatment to other beneficial purposes by designing the property according to its application.
Materials and Methods

Materials.
The prawn shells were purchased from a local prawn hatchery of Satkhira District, Khulna Division, Bangladesh. They were washed and grounded in a sample mill (SM-450TR, MRC Scientific Instruments, UK). The source of the clay was Bijoypur of Netrokona District, Dhaka Division, Bangladesh, which was supplied by Bangladesh Insulator and Sanitary Factory Limited (BISF), Dhaka, Bangladesh (screened through 150-mesh screen followed by 200-mesh screen). Sodium hydroxide (Loba Chemie Pvt. Ltd. India), hydrochloric acid (E. Merck, Germany), dodecylamine (Sigma-Aldrich, Sweden), and acetic acid (E. Merck, Germany) were purchased for CHT preparation, clay modification, and composite fabrication. All the chemicals were of analytical grade.
Extraction of Chitosan from Prawn
Shell. Chitosan (CHT) was extracted from waste prawn shell using the modified method of Rashid et al. [22, 23] . The extraction of chitosan from waste prawn shell involves 3 major steps: (a) deproteination, (b) demineralization, and (c) deacetylation. The washed and crushed waste shell was treated with 4% (w/w) sodium hydroxide (NaOH) for 3 h for deproteination. The dried shell was treated with 3 N HCl with stirring for 3 h. This step is called demineralization step. After demineralization, this form of prawn shell is pure chitin. The chitin was deacetylated by heating at 80-100 ∘ C with 50% NaOH (w/w) for 4 h to have chitosan. The degree of deacetylation (DD) of chitosan was found to be 77.2% and the molecular weight of 1138356 Da was determined from its viscosity.
Purification and Modification of Clay.
The raw clay (RC) was purified by treating with hydrochloric acid. After acid treatment, the purified clay was modified with the dodecyl amine to induce its organophilic character according to the previously reported method [24] . After modification, the clay was washed with hot distilled water to become neutral and dried to have modified clay (MC).
Preparation of Chitosan/Modified Clay Composite.
The composite was prepared by a modified method developed by Wang et al. [25] . In a typical procedure, 1% chitosan solution and 1% modified clay dispersion (dispersed by simple stirring by using a magnetic stirrer) were mixed in different weight ratio and stirred at 60 ∘ C. The modified clay amount varied from 0.33 gm to 1.5 gm. The CHT-MC mixture was cast on a Petri dish and placed at 60 ∘ C for 48 h in an oven. The dry film still contained a small quantity of the solvent, which formed chitosonium acetate. So, after drying the films were soaked in 1 M aqueous NaOH solution to neutralize the acid followed by rinsing with distilled water to neutralize and then dried at 60 ∘ C for 24 h. The different weight ratio of CHT and MC used for composite fabrication is listed in Table 1 .
Characterization of the Raw Materials and Composites
Fourier Transform Infrared (FTIR) Spectroscopy Analysis.
Fourier transform infrared (FTIR) spectra (transmission) of CHT, MC, and composites were observed on a FTIR 8400S spectrophotometer (Shimadzu Corporation, Japan).
Thermal Analysis.
To analyze the thermal behavior, thermogravimetric analysis (TGA) of CHT, MC, and composites was performed in aluminum cell under nitrogen flow from room temperature to 600 ∘ C at a rate of 20 ∘ C/min with a TGA-50 instrument (Shimadzu Corporation, Japan). The weights of samples varied from 2 to 9 mg. A differential scanning calorimeter (DSC-60, Shimadzu Corp., Japan) was used to determine the glass transition and/or decomposition temperature of the composite materials.
Scanning Electron Microscopy (SEM).
A high-performance, low-cost, scanning electron microscope (SEM) (JSM-6490) with a high resolution of 3.0 nm at 30 kV was used to determine the surface morphological characteristics of the composites.
X-Ray Diffraction (XRD) Analysis.
For the analysis of minerals present in raw clay and purified clay, XRD analysis was carried out by X-ray diffractometer (model BRUKER AXS Diffractometer D8, Germany). The monochromatic Cu 1 line is isolated by various monochromator in the X-ray tube and used for the analysis. The composites were also analyzed by XRD data.
X-Ray Fluorescence (XRF) Analysis.
For the elemental analysis of raw clay, purified clay and MC XRF spectrometer were used (Thermoscientific ARL Quant'x EDXRF Analyzer). Rapid elemental analysis from fluorine (F) to uranium (U) was done in XRF. The sensitivity was from <1 ppm up to 100% with adjustable X-ray beam size from 1 to 15 mm. It was found with electrically cooled Si (Li) detector. 
Results and Discussion
Purification of Bijoypur Clay.
The quantitative analysis by X-ray diffraction (XRD) of Bijoypur clay before and after acid treatment showed that it is a mixture mainly of kaolinite (Al 2 O 3 ⋅2SiO 2 ⋅2H 2 O) and illite; however, the major phase is kaolinite. Figure 1 of raw clay showed well-defined reflections at 2 value of 12 ∘ and 25 ∘ , typical characteristic peaks of kaolinite. The peaks at 12.12 ∘ and 20.72 ∘ represent the Si-O-Si crystalline layers of the clay [26] . The presence of quartz impurities was also detected at 25.52 ∘ which was confirmed from the results obtained in the literature [27] . After treatment with HCl, the peak intensity of quartz and other minerals in the raw clay was significantly decreased due to the structural disorder that occurred owing to the acid treatment. The narrowing of the peak shape may be due to the decrease of the mean lattice strain or the increase of crystallite size [22] . The comparison of the XRD data of raw clay and purified clay demonstrated that HCl treatment did not have a significant loss in the crystallinity of the clay materials. In addition, the quartz impurities cannot be completely removed by the acid treatment. However, the percentage of quartz could be reduced to almost 55% in the purified clay. Figure 2 showed the FTIR spectra of raw clay and the characteristic peaks were found at 3459 cm Figure 2 : FTIR spectra of raw clay and modified clay. vibrations), respectively, which indicates that the alkyl ammonium chains have been intercalated into the galleries of clay by a cation exchange reaction and a successful modification of Bijoypur clay was achieved.
Modification of Bijoypur Clay.
XRF Analysis of Raw Clay, Purified Clay, and Modified Clay (MC).
The elemental analysis by XRF showed that the percentages of silicon (Si) increased (from 69.8 to 75.4%) whereas aluminum (Al) decreased from 14.5 to 10.8% compared to raw clay to purified clay (as shown in Table 2 ). The other elements like potassium (K), iron (Fe), calcium (Ca), and titanium (Ti) were identified in raw, purified, and modified clay. K, Ti, Ca, and F were found as free oxide form (i.e., K 2 O, TiO 2 , CaO, and Fe 2 O 3 ); however Si and Al shaped the major phase of kaolinite as SiO 2 and Al 2 O 3 , respectively. The acid treatment induced a significant decrease of Fe 2 O 3 content in purified clay [27] . The further significant decrease of iron content in modified clay resulted due to the presence of strong acid in the modification process. The oxide form of iron was removed as water soluble chloride form (FeCl 3 ) by the addition of acid. 
FTIR Analysis of CHT-MC Composites.
The FTIR spectra of chitin and chitosan are shown in Figure 3 . In the case of chitin, the main absorption bands were assigned at 3448 cm and 1127 cm −1 (C 3 -O stretching). The significant differences observed in FTIR spectra of chitin and chitosan were at region 3350-3500 cm −1 . Broader peak appeared for chitosan compared to chitin peak indicating the increased deacetylated part in chitosan because of that specific region which corresponded to the O-H stretching overlapping the N-H stretching. The peak at 1634 cm −1 distinguished the chitin from chitosan in terms of intensity. The higher the peak area in chitin, the more acetylated part in chitin with respect to chitosan [28, 29] .
In case of MC (as observed in Figure 2 ), the characteristic band for -OH stretching was found at 3459 cm −1 , bending due to presence of water was observed at 1633 cm −1 , the most important mineral bands were observed at 1114, 1030, and 1006 cm −1 due to Si-O stretching vibration modes, the peak was found due to the presence of Al-OH bonds at 912 cm strong band at 795 cm −1 was observed because of free silica and/or quartz admixtures, and bands at 2910 cm −1 (-CH 2 stretching) and 2841 cm −1 (-CH 2 stretching vibrations) indicated the intercalation of alkyl ammonium chains into the galleries of Bijoypur clay (kaolinite) (Figure 2 ). When the protons in chitosan are hydrogen-bonded to the oxygen species of Si-O and Al-O segment, Si-O and Al-O bonds would be weakened and the tetrahedral symmetry of these moieties will be distorted. On the other hand, FTIR spectra showed that the CHT-MC composites exhibited all resolved N-H, O-H, and C-H bands when the composites were formed. The composites (SB-1, SB-2, SB-3, SB-4, and SB-5) showed three stretching vibration regions: N-H and O-H from chitosan and O-H, Si-O, and Al-OH from clay. This resulted in the change of the IR band positions as well as the reduction of intensities of the bands. It can clearly be seen that the FTIR spectra of CHT-MC composites exhibit the presence of characteristic absorptions due to the organic and inorganic groups [26] . The FTIR spectra of composites in Figure 4 showed the bands due to -NH 2 group at 1558 cm −1 , 1550 cm −1 , 1566 cm −1 , 1566 cm −1 , and 1550 cm −1 for SB-1, SB-2, SB-3, SB-4, and SB-5, respectively.
Additionally, the CHT-MC composites showed bands at 1618 cm −1 (N-H bending) and 1566 cm −1 (N-H bending) and also absorbencies due to O-H stretching at 3323 cm −1 . There was a shifting of the band at 2881 cm −1 which showed the stretching vibration of -CH 2 group present in MC. In MC sharp band was observed at 3614 cm −1 and 3690 cm −1 that indicated the presence of free -OH group in the clay (Figure 2) , while in composite the peak was found to be in a shifted position at 3315 cm at 702 cm −1 , and Si-O-Si stretching at 1028 cm −1 confirmed the presence of clay. The spectra SB-1, SB-2, SB-4, and SB-5 also contained almost all the characteristic bands of all components. Finally, shifting of the band around 1590 cm −1 of chitosan to lower frequency around 1560 cm −1 in the composite indicates the possible interaction established between chitosan and the clay mineral. All these spectral data revealed that the chitosan molecules and clay particles may interact on the surface of each other.
XRD Analysis of CHT-MC Composites.
The standard characteristic peaks of kaolinite mineral in raw clay were observed at 12 ∘ , 20 ∘ , 27 ∘ , and 40 ∘ [26] . The basal peaks of kaolinite mineral in raw clay which are found in this case ( Figure 5 ) are 12 ∘ , 22 ∘ , 39 ∘ , and 51 ∘ . The XRD pattern of CHT shows the characteristic crystalline peaks at around 2 theta = 10 ∘ , 20 ∘ , and 25 ∘ [30] . Now, comparing the XRD pattern of the composites (SB-1 to SB-5), it was observed that the characteristic peak of kaolinite at 40
∘ has disappeared in all of the composites after the clay was incorporated in the CHT. The peak of clay at 22
∘ was broadened and also shifted very slightly to some lower angle point. Moreover, this broadening of the peak of the composite at 20 ∘ was observed more intensely due to the presence of the CHT in the composite, which also gives a characteristic peak at 20
∘ .
This kind of phenomena was observed in montmorillonite clay while combining with chitosan forming a nanocomposite and it was concluded that the combination of the materials is either intercalated or exfoliated [25] . However, it is very difficult to conclude whether it is exfoliated or intercalated without the TEM images. Since one chitosan unit possesses one amino and two hydroxyl functional groups, these functional groups can form hydrogen bonds with the silicate hydroxylated edge groups in the clay, which is previously proved in the FTIR analysis of the composite. This kind of interaction is believed to be the main driving force for the assembly of kaolinite clay in the chitosan matrix to form a flocculated structure. Moreover, the highly crystalline structure of clay and semicrystalline nature of chitosan (peak at 10 they give a partially amorphous structure, which indicates a pretty good dispersion of the CHT and clay.
Thermal Stability of CHT-MC Composites.
The thermal stability of the MC and its composites was investigated by TGA under nitrogen flows. Under nitrogen flow, a nonoxidative degradation occurred. There were two steps of degradation for the composites; first range (50-200 ∘ C) was associated with the loss of water which was about 5-9 wt.%, whereas the second range (200-350 ∘ C) corresponded to the degradation and deacetylation of chitosan [31, 32] . Composite SB-1 decomposed faster than any other composite and SB-5 showed the highest resistance to temperature increase (as shown in Figure 6 ).
Clay increases thermal stability of CHT-MC composites; at higher loads of clay the decomposition temperature increased. This is the result of formation of parallel monolayers of clay that can form strong electrostatic interactions with chitosan. The higher loads of clay decrease the regularity of the structure and thus decrease the strength of electrostatic interactions [2] . However, the various physiochemical changes and the weight loss at 600 ∘ C due to heat treatment are shown in Table 4 .
At 256-340 ∘ C, sudden drop in temperature was observed due to the decomposition of organic and other volatile matters present in the composites. Concerning the residue at 600 ∘ C, in the case of SB-5 which contained the highest amount of clay, the weight loss was about 28%, indicating that the complete organic phase was decomposed. In case of the lowest amount of clay content in SB-1, the weight loss was approximately 42%. When loads of clay were lowered, parts of chitosan tend to char during degradation. These composites were stable up to 200 ∘ C which indicated a good sign for using in the discharge point of the effluent from the factory, where the effluent temperature existed to be found at high temperature (100 to 150 ∘ C). At the decomposition temperature, the composites showed higher thermal stability compared to those of the pure CHT. The DSC thermogram of composites within the temperature range of 50 to 400 ∘ C at a heating rate of 10 ∘ C/min is shown in Figure 7 . A very slight endothermic peak at temperature 40-45 ∘ C indicated the solvent evaporation that was present in very small quantity [29, 33] . The sharp exothermic peak was observed at 302-307 ∘ C for different composite as shown in Table 3 . However, there are several reasons behind the variable glass transition temperature of chitosan, which depends on some very interesting issues. Firstly, being a natural polymer, some properties like crystallinity, molecular weight, and deacetylation degree can affect the glass transition temperature of chitosan. Secondly, a wide variation in glass transition temperature may be observed due to the source and/or method of extraction. Generally the minimum and maximum glass transition temperature of chitosan are −23 ∘ C and 203 ∘ C, respectively [31, 32] , and the decomposition temperature of chitosan was found 295 ∘ C [34] .
Morphological Characterization of CHT-MC Composites.
SEM images of composites (SB-1 and SB-5) are shown in Figure 8 . The influence of clay concentration on chitosan depends on the type of composites formed (tactoids, intercalation, and exfoliation). The major two nanoscale composites are intercalation and exfoliation. The formation of these two ideal state nanocomposites depends on the types and the amounts of clay used [29] . Figure 8 indicates that the clay particles were dispersed throughout the chitosan matrix. However, the micrographs revealed that the SB-1 possessed a more uniform and smooth surface than SB-5 [33] . From visual analysis of SEM images, it can be seen that with the increase in the amount of clay in the composite the surface becomes very rough. As the SB-5 consisted of the highest amount of clay, its surface became rougher compared to SB-1. Nevertheless, it is necessary to continue working in this aspect, by means of applying other techniques such as AFM (Atomic Force Microscopy), which could allow the complete identification of intercalation or exfoliation of clay as well as determination of the degree of interaction between the particles of clay and chitosan [33] .
Conclusion
The results described above can be concluded as follows:
(i) Bijoypur clay is rich in kaolinite and acid treatment can keep the crystalline structure of clay. (ii) The composite showed higher thermal stability than chitosan which is beneficiary for the application of chitosan/clay composite in different purposes. (iii) Pure chitosan gets dissolved in acidic media [12] and forms precipitate in alkaline media [13] . This is sometimes a barrier for using this material in various useful purposes like as an adsorbent, as packaging material, and so on. But this composite improved the solubility characteristics in both acidic and basic media and it was found that the composites became undissolved in acidic media (pH 4.9) and did not form the precipitate at higher pH (pH 10). This kind of stability intensifies the use of this composite in various applications in the future, more importantly in adsorption purpose when the solution is too acidic or too basic.
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